Abstract The influence of the squash hybrid RS841 rootstock (Cucurbita maxima x C. moschata) on population dynamics of Meloidogyne incognita and yield of cucumber cv. Dasher II was assessed during 2013 and 2014 in a plastic greenhouse. In addition, the relationship between ecophysiological parameters (plant water status, gas exchange, and leaf reflectance) and Pi and cucumber yield were also estimated in 2013. Nematode densities were determined at the beginning (Pi) and at the end (Pf) of each crop, and the relationship between these parameters was used to estimate the maximum multiplication rate (a), the maximum population density (M) and the equilibrium density (E) per grafted and ungrafted cucumber and cropping season. Moreover, the relationship between the multiplication rate (Pf/Pi) and Pi was compared between grafted and ungrafted cucumber per cropping season. Finally, the relative yield of grafted or ungrafted cucumber was plotted against Pi to determine the tolerance limit (T) and the minimum relative yield (m) by the Seinhorst damage function model. Values of a, M and E in grafted cucumber were higher than in ungrafted one irrespective of the cropping season. These results were supported by comparing the relationship between Pf/Pi and Pi between grafted and ungrafted cucumber. The relationship between Pi and yield fitted the Seinhorst damage function. The values of T and m did not differ between grafted and ungrafted each year. Predawn water potential, net photosynthetic rate, and leaf chlorophyll index decreased with increasing Pi. In addition, relative yield was related to variation in net photosynthetic rate and the leaf chlorophyll index. Under the conditions of this study, RS841 rootstock was neither resistant nor tolerant to M. incognita.
Introduction
Cucumber (Cucumis sativus L.) is one of the most important vegetable crops worldwide, producing 65 million tons per year (FAOSTAT 2016) . Spain produces 748,500 tons of cucumbers per year in 8811 ha, of which, 88% are under protected cultivation (MAGRAMA 2013) . Cucumber is susceptible-intolerant to the most common rootknot nematodes (RKN) species, which can cause yield losses up to 88% under protected cultivation . Despite the chemical control is the most used control method (Talavera et al. 2012) , non-chemical alternatives are needed in order to implement the European Directive 2009/128/EC.
Grafting is one of the most promising horticultural techniques, which involves the union of the aerial part (scion) of a susceptible plant with a root system (rootstock) of a resistant one. The main purpose of this technique is to control plant pathogens causing soilborne diseases, including plant parasitic nematodes, to enhance tolerance to abiotic stresses, and to improve yield (Edelstien 2004; Davis et al. 2008; King et al. 2010 ; . Several cucurbit rootstocks have been tested against RKN (Sigüenza et al. 2005; Davis et al. 2008 ; Kokalis-Burelle and Rosskopf 2011; Liu et al. 2015; Thies et al. 2015; López-Gómez et al. 2016) . Among them, the squash interspecific hybrid (Cucurbita maxima x C. moschata) is the most widely used rootstock for cucumber, melon and watermelon in Europe ). This rootstock is resistant to Fusarium oxysporum f. sp. melonis, F. oxysporum f. sp. cucumerinum, F. oxysporum f. sp. lagenariae, F. oxysporum f. sp. niveum, F. oxysporum f. sp. radicis-cucumerinum, Rhizoctonia solani and Verticillium dahliae (Davis et al. 2008; Pavlou et al. 2002; USDA 2015) . Regarding RKN, the level of resistance reported is not consistent, being either susceptible or resistant (Davis et al. 2008; Cansev and Ozgur 2010; Kokalis-Burelle and Rosskopf 2011; Goreta Ban et al. 2014; USDA 2015) but no information about its tolerance when cucumber is grafted as a scion is available. In order to know the host status of the rootstock under particular agro-environmental conditions, the relationship between nematode density at planting (Pi) and at the end of the crop (Pf) has to be determined to estimate the maximum multiplication rate (in absence of limiting factors) (a), the maximum population density (the maximum Pf achieved by a nematode population on a plant host under particular conditions) (M), and the equilibrium density (when the plant can supply enough food to maintain the population density at planting; Pf = Pi; Pf/ Pi = 1) (E) (Seinhorst 1967) . These parameters are higher on susceptible hosts than on resistant or poor hosts. Another useful indicator of the population growth rate is the relationship between the multiplication rate (Pf/Pi) and Pi. It allows comparing nematode population dynamics on different plant species or germplasms or between cropping seasons for a given pathosystem and the efficacy of control methods (Talavera et al. 2009; Vela et al. 2014) . Those parameters refer to nematode population growth but do not provide valuable information on marketable crop yield, which is provided by the relationship between Pi and relative crop yield by the Seinhorst damage function model, the tolerance limit and the minimum relative yield (Seinhorst 1965) . It is known that plant growth and yield are reduced at increasing Pi above the tolerance limit due to a reduction of water and nutrient intakes, and consequently, a reduction of plant conductivity and transpiration, as well as leaf chlorophyll content and photosynthesis rate (Loveys and Bird 1973; Melakeberhan 2003; Agrios 2005; Strajnar et al. 2012) . Leaf chlorophyll content, photosynthesis rate, and plant biomass have previously been related to Pi (Melakeberhan et al. 1985; Giné et al. 2014; López-Gómez et al. 2015) . Therefore, these ecophysiological parameters might be potential indicators of tolerance and yield losses, but it needs to be evaluated under field conditions.
The aim of this study was to determine the influence of the rootstock RS841 (Cucurbita maxima x C. moschata) on the population dynamics of Meloidogyne incognita and yield of cucumber cv. Dasher II cultivated in a plastic greenhouse during two cropping seasons. In addition, the relationship between several ecophysiological parameters and Pi and cucumber yield was also assessed.
Materials and methods
Experiments were carried out in spring 2013 and 2014 in a 700 m 2 plastic greenhouse located at Viladecans (Barcelona, Spain) which had been artificially infested with M. incognita in 2007. The soil texture was sandy loam with 83.8% sand, 6.7% loam and 9.5% clay; pH 8.7; 1.8% organic matter (w/w), and 0.5 dS m −1 electrical conductivity. From 2007 until the beginning of the experiments, rotations with resistant or susceptible tomato cultivars and cucumber or fallow were done.
Forty-four gross plots of 9.6 m 2 were cultivated with each of grafted or ungrafted cucumber. Individual gross plots consisted of 24 plants spaced 50 cm within each of four rows and 55 cm between rows which is the normal plant density applied by growers in greenhouse (Ornat et al. 1997) . Net plots of 3.2 m 2 comprised the central part of the plot in which eight plants were cropped and from which soil and roots samples were taken and crop yield was assessed. The soil of each plot was prepared individually to prevent cross contamination. In 2013, the cucumber crop was preceded by resistant or susceptible tomato cultivars or fallow to achieve gradients of nematode densities. In 2014, the cucumber crop was preceded by fallow. Cucumber cv. Dasher II was grafted onto Cucurbita maxima x C. moschata hybrid RS841 by tongue approach, because it is easy to apply, successful, and provides a uniform growth rate (Davis et al. 2008) . The squash hybrid RS841 has been proven to develop a longer root system than cucumber and to improve crop yield (Maršić and Jakše 2010) . Grafted and ungrafted cucumber was cropped from April 14th to July 16th in 2013 (78 days) and in 2014 from March 3rd to June 19th (109 days) which is the normal period of cultivating commercially in greenhouse in the growing area of the study (Giné et al. 2016) . Plants were irrigated as needed through a drip irrigation system and weekly fertilized with a solution consisting of NPK (15-5-30) at 31 kg ha −1 and iron chelate and micronutrients at 0.9 kg ha −1
. Cucumber plants were vertically trained. Weeds were removed manually during and between crops. Fruits from the eight central plants of each plot were harvested when they reached the standard commercial size and were expressed as kg per m 2 . Soil temperatures were recorded daily at 30 min intervals with temperature probes 5TM (Decagon devices, Inc) placed at a soil depth of 15 cm.
At the end of the cropping season, plants were removed from the ground with a pitchfork. Disease severity was rated by Zeck's scale from 0 to 10 (Zeck 1971) , where 0 = complete and healthy root system and 10 = plants and roots dead. After that, eggs were extracted from two root subsamples of 20 g by maceration in a blender containing a 1% NaOCl solution for 10 min (Hussey and Barker 1973) . The suspension was sieved through a 74 μm aperture screen, to remove root debris, and through a 25 μm aperture screen to retain the eggs. The number of eggs were counted and expressed per gram of root.
Second-stage juveniles (J 2 ) in soil were estimated at the beginning (initial population, Pi) and at the end (final population, Pf) of each crop. Soil samples were taken from each of the forty-four net plots. Composite soil samples consisted of eight soil cores taken from the first 30 cm of soil with a soil auger of 2.5 cm diameter. Soil samples of about 1.2 L were homogenized and sieved through a 4 mm aperture screen to remove stones and separate roots from the soil. J 2 were extracted from a 500 cm 3 of soil subsample using Baermann trays (Whitehead and Hemming 1965) incubated at 27°C for a week. The efficiency to recover nematodes from soil by Baermann trays was 43%. J 2 in soil that migrated to the water were then collected sieving the suspension thorough a 25 μm aperture screen. The roots recovered from the 4 mm sieve were weighted and the eggs were extracted as described above (Hussey and Barker 1973) . The number of eggs in the whole root system was not included in the Pf value as it is usual in microplots and field experiments (Barker et al. 1976; Ferris 1985; Noling and Ferris 1986 . The estimation of the maximum multiplication rate (a) was carried out considering the Pf at a very low Pi, according to Pf = aPi (Seinhorst 1970) , and the maximum population density at the end of the crop (M) from the experimental data. The equilibrium density (E) was calculated according to the expression M = aE/ (a-1) (Schomaker and Been 2006) .
In addition, in 2013, plant water status, gas exchange and leaf reflectance were measured 60 days after transplanting. Measurements were carried out in grafted and ungrafted plants growing in plots with Pi ranging from 0 to 765 J 2 + eggs 250 cm −3 of soil. Predawn water potential (Ψ p ) was determined using a Scholander pressure chamber (Soilmoisture 3005, Soil Moisture Corp., Santa Barbara CA, USA) early in the morning (around 7:00 a.m. solar time) on three leaves that were covered with both aluminum foil and plastic bags the night before. Net photosynthetic rate (A), stomatal conductance (g s ) and transpiration (E) were measured between 11:00 a.m. and 12:30 p.m. (solar time) with a portable gas exchange system CIRAS-2 (PP Systems Ltd., Havervill MA, USA) in three fully expanded leaves (one leaf/plant). Gas exchange parameters were determined at a CO 2 concentration in the cuvette of 400 ppm whereas temperature and water vapor concentration were not controlled. Afterwards, leaf reflectance was determined using a spectroradiometer (Unispec, PP Systems, Ltd., Harvervill, MA, USA) with a 2.3 mm diameter bifurcated fiber optic (model UNI410, PP Systems, Havervill, MA, USA). The detector samples 256 bands at roughly evenly-spaced intervals (average band-toband spacing 3.3 nm) within a 400-1100 nm effective spectral range. Among several chlorophyll reflectancebased indices tested, the chlorophyll index proposed by Datt (1998) ; when Pi ≥ T, and y = 1 when Pi < T, where y is the relative yield (the yield at a given Pi divided by the yield at Pi ≤ T, with y = 1 at Pi ≤ T), m is the minimum relative yield (the lowest value of the relative yield at higher Pi), and T is the tolerance limit (the nematode density (Pi) up to which no yield losses occurs). Values of minimum relative yield (m), and tolerance limit (T) were compared between grafted and ungrafted cucumber per cropping season considering confidence intervals at 95% .
Correlation analysis (proc corr) was used to determine the relationship among ecophysiological parameters (Ψ p , A), the chlorophyll reflectance based index R 672 /[R 550 x R 708 ] and both Pi and relative yield on both grafted and ungrafted cucumber plants.
Results
Absolute soil temperatures ranged from 17.5°C and 31.6°C in 2013 (accumulated degree days 1946, Tb = 0°C) and from 17.7°C to 28.8°C in 2014 (accumulated degree days 2546, Tb = 0°C). The nematode was able to complete two generations in both cropping seasons according to its thermal requirements (Tb = 11.4°C and thermal constant = 500 degree days over Tb; Giné et al. 2014) .
In 2013, Pi ranged from 0 to 6180 J 2 250 cm −3 of soil in plots cultivated with grafted cucumber, and from 0 to 894 J 2 250 cm −3 of soil in those cultivated with the ungrafted one. In 2014, Pi ranged from 0 to 220 J 2 250 cm −3 of soil in plots cultivated with either grafted or ungrafted cucumber.
The maximum multiplication rate (a), the maximum population density (M) and the equilibrium density (E) on grafted cucumber in 2013 were 11,846, 23,257, 23,255 J 2 + eggs 250 cm of soil, respectively in the ungrafted one (Fig. 1) . In 2014, a, M and E on grafted cucumber were 9270, 13,067 and 13,066 J 2 + eggs 250 cm −3 of soil, respectively, and in the ungrafted cucumber were 2323, 4272, and 4270 J 2 + eggs 250 cm −3 of soil, respectively (Fig. 1) . The relationship between Pi and Pf/ Pi on grafted or ungrafted cucumber did not differ between cropping seasons (in grafted: intercept P = 0.7232 and slope P = 0.5347; in ungrafted: intercept P = 0.0782 and slope P = 0.0907), but it did when comparison was carried out between grafted and ungrafted cucumber with pooled data (intercept P = 0.0037 and slope P = 0.0884) (Fig. 2) . Meloidogyne incognita produced more (P < 0.05) eggs per gram of root, and less (P < 0.05) galling index on the grafted than ungrafted cucumber in both cropping seasons (Table 1) . Grafted cucumber had a higher frequency of plants with galling index between 3 and 7 than the ungrafted ones (Fig. 3) .
Grafted cucumber yielded 4.2 and 3.7 kg m −2 in 2013 and 2014, respectively, and 5.3 and 3.7 kg m −2 the ungrafted one on the nematode free plots. The relationship between Pi and grafted or ungrafted relative cucumber yield fitted the Seinhorst damage function model. The tolerance limit and the minimum relative yield of both grafted and ungrafted cucumber did not differ per cropping season (Fig. 4) . Predawn water potential (Ψ p ) decreased with increasing Pi (r = −0.76; P < 0.01) for both grafted and ungrafted cucumber, ranging from −0.38 ± 0.02 MPa (average ± standard error) at Pi = 0 to −0.62 ± 0.04 MPa at Pi = 765 (Table 2) . Similarly, A and R 672 / [R 550 x R 708 ] (Table 2) showed significant correlation against Pi with r = −0.66 (P < 0.01) and r = −0.48 (P < 0.05), respectively. Moreover, for both grafted and ungrafted plants, Ψ p showed significant correlation against net photosynthetic rate (A) (r = 0.53; P < 0.05) and R 672 / [R 550 x R 708 ] (r = −0.76; P < 0.01). In addition, the relative variation in R 672 / [R 550 x R 708 ] was found to be significantly related to relative decreases in A (R 2 = 0.91, P < 0.01). Furthermore, decreases in relative cucumber yield were significantly related to both the relative variation in A (R 2 = 0.88, P < 0.01) and the relative variation in R 672 / [R 550 x R 708 ] (R 2 = 0.91, P < 0.01).
Discussion
Grafting susceptible crops onto resistant-tolerant rootstocks is a promising non-chemical alternative to manage RKN because nematode population will be suppressed and the crop will suffer less yield losses than cropping susceptible-intolerant cultivars. Several commercial resistant tomato and pepper rootstocks have been shown their effectiveness against RKN (Oka et al. 2004; Ros et al. 2006; Cortada et al. 2008; Verdejo-Lucas and Sorribas 2008; Kokalis-Burelle et al. 2009; Verdejo-Lucas et al. 2009 ). However, despite the fact that the effectiveness of cucurbit rootstocks against RKN has been studied (Thies et al. 2010; Liu et al. 2015; Thies et al. 2015; López-Gómez et al. 2016) , there are not available resistant commercial rootstocks for cucumber and melon. Nevertheless, some promising results have been reported, such as with Cucumis metuliferus, which has been proven to be highly resistant to root-knot nematodes Kokalis-Burelle and Rosskopf 2011; Thies et al. 2012; Picó et al. 2013; Munera et al. 2014 ) and is compatible with some melon cultivars (Sigüenza et al. 2005; Gisbert et al. 2014; Guan et al. 2014) .
Although the squash hybrid rootstock Cucurbita maxima x C. moschata is widely used, little information is available about its performance against increasing Pi of RKN in terms of host status, crop yield, and ecophysiological parameters. The results of this study showed that RKN population dynamics on ungrafted or grafted cucumber onto RS 841 differed, being the former less good host than the grafted according to a, and E values. These parameters are indicators of the host status in a given agro-environmental conditions (Seinhorst 1967) . High values of a and E are indicators of good plant hosts and low values of poor or resistant ones. In this study, a values of M. incognita on grafted cucumber were closer between cropping season and around 84% higher than on the ungrafted one. The M and E values on grafted cucumber were also higher (around 62%) than in the ungrafted one. These results were also supported by the estimation of the population growth rate on grafted and ungrafted cucumber by the relationship between Pf/Pi and Pi. The population growth rate on grafted cucumber was higher than on the ungrafted one. That is, the a value was 94% higher on grafted than on ungrafted cucumber, however, the E values were similar. These results could be explained because the root system of the rootstock RS841 is larger than that of the cucumber, for example cv Edona F1 (Maršić and Jakše 2010), but as far we know, there is no information comparing the rootstock RS 841root system with that of cucumber cv. Dasher II. Thus, Cucurbita maxima x C. moschata RS481 is not resistant neither poor host to RKN.
The agro-environmental conditions in which the crop is cultivated can play an important role in population dynamics (Seinhorst 1967) . The results of this study show that values of a and E of M. incognita on ungrafted cucumber cv. Dasher II cropped in spring-summer (April to July) were lower than those reported by Giné et al. (2014) when cucumber was cropped in summer-autumn (July to November) . Similar results were reported for M. incognita on Values are means ± standard deviations of 22 replicated plots in all treatments. Data within the same column and year followed by *indicates a significant difference between soil treatment at P < 0.05 according to the Student's t -test a Galling index on a Zeck's (1971) scale from 0 to 10, where 0 = complete and healthy root system and 10 = plants and roots dead zucchini-squash ) and for M. artiellia on chickpea (Di Vito and Greco 1988) . The relationship between Pi and relative yield of both grafted and ungrafted cucumber fitted the Seinhorst damage function model. The tolerance limit did not differ between cropping season. Estimated values of T were between 1 and 7 J 2 250 cm −3 of soil, being similar to those reported for grafted melon onto the squash hybrid Shintozoa (Kim and Ferris 2002) or ungrafted melon (Ploeg and Phillips 2001) , but lower than for watermelon (50 J 2 250 cm −3 of soil) . Cucumber yield losses ranged from 63 to 83% irrespective of grafting, similar to those reported for ungrafted or grafted melon (Ploeg and Phillips 2001; Kim and Ferris 2002) and cucumber but highest than for watermelon (37%) . Thus, the results of this study suggest that grafting cucumber onto RS 841 does not provide more tolerance to RKN, as it has been reported for watermelon grafted onto RS841 which suffered between 12% and 45% higher yield losses than the ungrafted cultivar at Pi < 1 and Pi around 70 J 2 250 cm −3 of soil, respectively (López-Gómez et al. 2016) . In relation to the ecophysiological status, both grafted and ungrafted cucumber showed reduced predawn water potential along with increases in Pi, suggesting that increased levels of nematode population densities caused physiological drought (Audebert et al. 2000) , probably as a result of impaired root functioning. Increased levels of nematode population also led to a decrease in chlorophyll content (as suggested by the negative relationship between Pi and the spectral based chlorophyll index R 672 / [R 550 x R 708 ]). As a result, nematode-induced changes in both plant water and nutrient status led to a decrease in net photosynthetic rate. Therefore, in agreement with previous studies, nematode infection caused a reduction in leaf chlorophyll content (Audebert et al. 2000; Ahmed et al. 2009; Khan and Haque 2011; Giné et al. 2014; López-Gómez et al. 2015) as well as in photosynthetic activity (Loveys and Bird 1973; Melakeberhan et al. 1985) as suggested by the negative relationship between Pi and net photosynthetic rate. In addition, for both grafted or ungrafted cucumber plants, relative changes in yield were also related to the relative variation in both R 672 / [R 550 x R 708 ] and net photosynthetic rate, confirming previous results in which relative dry top weight of cucumber or zucchini-squash biomass (López-Gómez et al. 2015) was related to relative leaf chlorophyll content. These results suggest that reflectance based chlorophyll indices might provide an estimation of the effects of Pi on photosynthetic capacity and their effects, thereof, on yield in situations in which RKN is the main biotic stressful agent. There is little information on the effect of grafting cucurbits, in general, and cucumber, in particular, on Meloidogyne population dynamics and crop yield losses for a given agro-environmental area. This work provides new information on these parameters to aid growers to take decisions to manage RKN. In addition, the possibility of using the reflectance-based chlorophyll as an indicator of relative crop yield losses is pointed out although some more field studies are needed to be used for advisor purpose.
